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ABSTRACT: New {TbCu 3 } and {DyCu 3 } single-molecule magnets (SMMs) containing a low-symmetry Ln III center (shape measurements relative to a trigonal dodecahedron and biaugmented trigonal prism are 2.2−2.3) surrounded by three Cu II metalloligands are reported. SMM behavior is confirmed by frequency-dependent out-of-phase ac susceptibility signals and single-crystal temperature and sweep rate dependent hysteresis loops. The ferromagnetic exchange interactions between the central Ln III ion and the three Cu II ions could be accurately measured by inelastic neutron scattering (INS) spectroscopy and modeled effectively. The excitations observed by INS correspond to flipping of Cu II spins and appear at energies similar to the thermodynamic barrier for relaxation of the magnetization, ∼15−20 K, and are thus at the origin of the SMM behavior. The magnetic quantum number M tot of the cluster ground state of {DyCu 3 } is an integer, whereas it is a half-integer for {TbCu 3 }, which explains their vastly different quantum tunneling of the magnetization behavior despite similar energy barriers.
■ INTRODUCTION
Single-molecule magnets (SMMs) display slow relaxation of the magnetization of purely molecular origin and have remained a hot topic because of their fundamental physics and potential applications. 1 The majority of SMMs have been molecular 3d transition-metal complexes, 2 but in recent years, lanthanidecontaining molecules have gained prominence.
3 3d−4f complexes are also good candidates for SMMs: very large single-ion magnetic anisotropies have been observed for Tb III and Dy III , 4 and ferromagnetic coupling is commonly observed between Cu II and ions such as Gd III , Tb III , and Dy III . 5 In comparison to polynuclear Ln III -based SMMs, 3, 6 there are relatively few Tb III Cu II SMMs, these using Schiff base or macrocyclic ligands, and even fewer Dy III Cu II SMMs. 7 Furthermore, the origin of slow relaxation of the magnetization in 3d−4f SMMs needs more detailed investigation. The main interactions governing magnetic properties in 3d−4f SMMs are the crystal-field interactions of the lanthanide ions and the exchange interactions between lanthanide ions and transition-metal ions. We report a new family of {LnCu 3 } complexes (Ln = Gd III , Tb III , Dy III ), of which the Tb III and Dy III analogues show slow relaxation of magnetization. We have determined the exchange interactions in {TbCu 3 } and {DyCu 3 } with inelastic neutron scattering (INS) spectroscopy, a powerful technique often used to measure crystal-field and exchange splittings in molecular clusters, 8 with pioneering work on lanthanide-containing clusters done by Furrer, Gudel, and co-workers. 9 Despite its obvious potential, especially for Ln clusters, very few Ln-containing SMMs have thus far been studied with INS spectroscopy. 10 We found that the fundamental INS excitations correspond to Cu II spin flips, which have energies similar to the barriers for magnetization reversal that we determined using ac magnetic susceptibility measurements. These findings indicate the importance of these spin flips for the magnetic relaxation and therefore of the 3d−4f exchange interactions. Furthermore, the nature of the ground state (M tot = integer or half-integer) determines the effectiveness of quantum tunneling of the magnetization (QTM). [ Single-Crystal X-ray Diffraction. Data were collected at 100 K on a Bruker Nonius Kappa CCD diffractometer, equipped with a graphitemonochromated Mo Kα source (λ = 0.71073 Å). Absorption corrections were applied using a multiscan method (SADABS). The structure was solved and refined using Shelxs-97 and Shelxl-2013, respectively. 11 All non-H atoms were refined with anisotropic displacement parameters, with the exception of those involved in disorder.
In the main cluster of {GdCu 3 }, one of the H 2 edte 2− ligands shows positional disorder; C20 is disordered over two positions (C20A and C20B, 55:45) and the atoms C13, C14, N4, C15, C16, O8, C17, and C18 are also disordered over two positions (labeled A and B, 65:35).
These occupancies were freely refined and then were fixed for the final refinement cycles. These atoms could only be modeled with isotropic thermal parameters and pairs C13A and C13B, C14A and C14B, C17A and C17B, C18A and C18B, and O8A and O8B were constrained to take the same isotropic thermal parameter because of the close proximity of the two positions. The bond length between O8B and C16B was also constrained to ensure it took a standard bond length (1.4 Å).
In the main cluster of {TbCu 3 } and {DyCu 3 }, one of the H 2 edte 2− ligands shows positional disorder; C6 is disordered over two positions (C6A, C6B, 70:30 or 55:45) and C9, C10, and O4 are also disordered over two positions (labeled A and B, 75:25 or 70:30). Atoms C1, C2, N1, C7, and C8 show elongated thermal parameters, but attempts to split these atoms to take two positions resulted in an implausible model. Again the relative occupancies were freely refined, and these were then fixed at their converged values. In {TbCu 3 }, the atom pairs C9A and C9B, C10A and C10B, and O4A and O4B were constrained to have equal isotropic thermal parameters due to the close proximity of their positions in space. The C9B−C10B and C10B−O4B bond distances were also constrained to take standard values. In all three {LnCu 3 } compounds, the nitrate counterion molecule N200, O200, O201, and O202 is disordered over an inversion center; N200 and O200 sit directly on the inversion center and so were refined with 50% occupancy and constrained to take the same position and isotropic thermal parameter. Anisotropic refinement of this moiety resulted in unreasonable thermal parameters, probably due to small shifts in the positions for the two conformations that the molecules can adopt. It was not possible to resolve these two positions, and so the model was kept with isotropic thermal parameters. Consequently, there is some significant residual electron density in this region which remains unmodeled. A second nitrate counterion N100, O100, O101, and O102 is also disordered over an inversion center, but this time it does not sit directly on the inversion center and it is 50:50 disordered with a solvent methanol molecule C300 and O300. These were therefore refined with only isotropic thermal parameters in {GdCu 3 } and {DyCu 3 } but all except N200 and N300 could be refined anisotropically.
H atoms were placed on calculated positions and modeled as refining on the atoms to which they are bonded with the exception of those on coordinated O atoms of the H 2 edte 2− ligands, which were identified in a Fourier difference map but constrained to take O−H distances of 0.82 Å and thermal parameters 1.2 times that of the atom to which they were bonded.
Other Physical Methods. Infrared (IR) spectra were recorded on a Shimadzu FTIR-8400S Fourier transform infrared spectrophotometer in the 4000−600 cm −1 range. Elemental analyses (C, H, and N) were performed in-house in the School of Chemistry at the University of Glasgow. Variable-temperature direct current (dc) and alternating current (ac) magnetic susceptibility data were collected on a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T magnet and operating in the 1.8−300 K range. Powder samples were embedded in eicosane, to prevent torquing. Magnetic data have been corrected for diamagnetism (Pascal's constants and corrections for the sample holder). Ultralow-temperature (<1.8 K) hysteresis studies and dc relaxation measurements were performed on a single crystal using an array of micro-SQUIDS (the field is oriented along the easy axis, which is found in situ by changing the field orientation with three coils).
12 For the INS experiments, the samples were sealed under helium in a hollow aluminum cylinder ({TbCu 3 }, outer diameter 12 mm, inner diameter 9 mm; {DyCu 3 }, outer diameter 12 mm, inner diameter 10 mm). Initial neutron wavelengths (energies) of 4.3 Å (35.6 cm −1 ) and 5.5 Å (21.8 cm −1 ) were selected with the (002) reflection of the pyrolytic graphite monochromator. The spectra were corrected for the contributions of the sample environment and the sample holder by measuring an empty aluminum cell, while the detector efficiency was assessed using a vanadium sample. Data reduction was performed with DAVE. Table S1 ). 17 The next best match is for the Johnson-biaugmented trigonal prism (C 2v ) or square antiprism (D 4d ) at 2.9−3.3. 18−20 In {LnCu 3 }, the steric properties of the {CuH 2 edte} metalloligands will play a key role in determining the shape of the Ln III coordination sphere, encouraging further study into the utilization of flexible metalloligands to isolate rare or unusual Ln III coordination geometries in 3d−4f complexes. Incorporation of a 3d metal ion such as Cu II as the central ion of the metalloligand increases the flexibility further, due to its range of typical coordination environments from [4] to [4 + 2] . 21 The Cu II centers in {LnCu 3 } are in a distorted [ . Atom colors: Tb, cyan; Cu, orange; N, blue; O, red; C, gray. All hydrogen atoms except ligand OH groups are omitted for clarity. unbound, hydrogen bonded to adjacent {Cu 3 Ln} complexes and lattice nitrate anions. Static Magnetic Properties. In the magnetic susceptibility data for {LnCu 3 } (Figure 3a) , at low temperature the upturn in χT data is consistent with ferromagnetic exchange between Ln III and Cu
II
. Gd III has a spin-only ground state (S Gd = 7/2). Therefore, the χT data for {GdCu 3 } can be fit, 22 using a spin Hamiltonian with a single parameter describing the exchange interaction between S Gd and the three Cu II spins (s i = 1/2):
The second term in eq 1 is the Zeeman interaction, with μ B being the Bohr magneton and H = 1000 G the magnetic field. The best-fit result between 10 and 280 K yields the parameters g = 2.04(3) and = 2.9(3) cm
, consistent with an S = 5 ground state of {GdCu 3 } (the small decrease at low temperature may be due to antiferromagnetic intercluster interactions or a small zerofield splitting and was excluded from the fit). This g value seems quite reasonable, considering that Gd III has g 7/2 = 2.0 and the Cu II ions are expected to have a g value slightly larger than 2, giving credibility to this fit. These parameters also model the lowtemperature magnetization versus field data for {GdCu 3 } very well, as can be seen in Figure 3b . N.B.: throughout this paper we adopt the notation J for total angular momentum and for the exchange interaction parameters. For {TbCu 3 } and {DyCu 3 } the crystal-field splitting of their respective 7 F 6 and 6 H 15/2 ground states is as important for the magnetic properties as the exchange interactions with the Cu II spins. The lanthanide ion in each complex is in a low-symmetry environment (Table S1 , Supporting Information). Therefore, many crystal-field terms (e.g., in the form of extended Stevens operators ∑ k=2,4,6 ∑ q=−k k B k q Ôk q ) are allowed by symmetry and their parameters are not correlated. This large number of parameters makes it virtually impossible to unequivocally model the featureless high-temperature magnetic susceptibility. At low temperatures, the susceptibilities of {TbCu 3 } and {DyCu 3 } increase due to the ferromagnetic exchange interactions between the lanthanide ion and the Cu II ions, which impedes the determination of the low-energy crystal-field states from the magnetic susceptibility.
The magnetization data of {TbCu 3 } at 2 and 4 K and of {DyCu 3 } at 2, 4, and 6 K in Figure 4 show a steep increase at low fields, but not complete saturation at high fields, even at 2 K. These observations are consistent with a strongly anisotropic, large angular momentum ground state. We can safely assume that the crystal-field splitting of the Tb III and the Dy III ions is larger than the thermal energy in the magnetization experiments (maximum 6 K: E thermal ≈ 4.2 cm
) and that we only need to concern ourselves with their ground state, characterized by M J = ⟨JM J |Ĵz|JM J ⟩/ℏ (−J ≤ M J ≤ +J). Assuming the crystal-field splitting to be "axial enough" for (near) degenerate ±M J doublets, an effective model allows fitting the magnetization, where the Ln III ground doublet is replaced by an effective spin S′ = 1/2: 
where ixy and iz are the effective parameters describing the anisotropic exchange interactions between S′ and the Cu II spins s i = 1/2. The solid lines in Figure 4 are fits of the magnetization to this data, whereby the exchange parameters were taken from the INS measurements (vide infra). In such an effective model g z = g J (2α 2 |M J | + 2β 2 |M′ J | + ...), 23 where the parameters α, β, ... describe the contribution of different M J states to the wave function |Ψ 0 ⟩ = α|M J ⟩ + β|M′ J ⟩ + ... of the Ln III ground state and g J values are the intrinsic Ln III g factors for a given J multiplet. For {TbCu 3 }, the maximum g z is therefore given as g z max = 2|M J max |g 6 = 18 (g 6 = 3/2, |M J max | = J = 6), which was set as the upper limit for the fit. The following fit parameters were determined: g xy = 0(3), g z = 18(2), and g Cu = 2.4(3) with the exchange parameters J xy = 16.6 cm −1 and J z = 26.7 cm −1 (INS; vide infra). The magnetization of {DyCu 3 } at 2, 4, and 6 K could be fit the same way, but with an upper limit of g z max = 2|M J max |g 15/2 = 20 (g 15/2 = 4/3, |M J max | = J = 15/2). The best fit parameters are g xy = 0(1), g z = 16.9(6), and g Cu = 2.2(1) with the INS exchange parameters xy = 13.1 cm −1 and z = 27.7 cm −1 (vide infra). For both {TbCu 3 } and {DyCu 3 } the fits yield reasonable values for the Cu II g factor with the deviation between the two samples within the errors of the fit. The transverse g factor of the lanthanide ions g xy is 0 in both cases, but with rather large error bars, indicating that its effect on the magnetization is marginal (see also contour plots of square of differences vs g z and g xy in the Supporting Information). From the values of g z we can estimate the main M J contribution to the lowest doublet of the crystal-field split states. In {TbCu 3 } the maximum g z = 18(2) is found in the fit, which yields M J = ±6 as the main contribution to the ground doublet wave function. For {DyCu 3 }, g z = 16.9(6), which is quite close to the value 52/3 expected for M J = ±13/2, and we thus conclude that the ground doublet of Dy III in {DyCu 3 } is best described by M J = ±13/2. Approximating the coordination geometry of the Ln III ions in {LnCu 3 } as square antiprismatic (shape measurements relative to D 4d are 3.16 and 3.03 for {TbCu 3 } and {DyCu 3 }, respectively) allows comparison to mononuclear Ln III SMMs with that geometry, 20 where it was found that the Tb III ion has a maximum M J = ±J = ±6 ground state, and for Dy III the lowest Kramers doublet is characterized by M J = ±13/2, in good agreement with the magnetization fits for {TbCu 3 } and {DyCu 3 }.
Single-Molecule Magnetism. Both {TbCu 3 } and {DyCu 3 } display frequency-dependent (ν) slow magnetic relaxation in low-temperature ac susceptibility measurements (Figures 5 and  6 ), with {TbCu 3 } showing distinct peaks in χ″ vs T, without application of a dc field. For the Arrhenius analysis (τ = τ 0 exp(ΔE/k B T)) in Figure 7 , ln(τ/s) was plotted as a function of 1/ T max , where τ = 1/(2πν) and T max is the peak position from Lorentzian fits of the peaks in χ″ vs T. ) and τ 0 = 1.8(3) × 10 −7 s, following the above analysis. While the magnetic ground state of {TbCu 3 } is characterized by half-integer cluster M tot states (M tot = ⟨J tot M tot | Ĵẑ ,tot |J tot M tot ⟩/ℏ, where J ⃗ tot = J ⃗ + ∑ i=1 3 s⃗ i ), i.e. Kramers doublets, {DyCu 3 } has integer cluster M tot states (vide infra), leading to more effective QTM in {DyCu 3 } that is strongly suppressed by the application of a dc field in the ac susceptibility experiment.
The higher rate of QTM in {DyCu 3 } in comparison to {TbCu 3 } is confirmed in the low-temperature, single-crystal magnetization vs field curves shown in Figures 8 and 9 . {TbCu 3 } shows SMM-typical sweep-rate-dependent hysteresis curves with nonzero coercivity (Figure 8) , and only at low enough sweep rates and high enough temperatures can the coercivity be suppressed. For {DyCu 3 }, on the other hand, there is very little dependence of the magnetization curves on the sweep rate, and there is no coercivity at all temperatures (Figure 9 ), only a very small hysteresis at fields close to saturation of the magnetization ("butterfly" hysteresis). The lack of coercivity paired with the fast relaxation at H dc = 0 and slow relaxation at H dc = 1.5 kG are clear indications that {DyCu 3 } is an SMM with very effective groundstate QTM, in agreement with an integer M tot ground state. Application of a small dc field removes the ground-state degeneracy and thus suppresses the tunneling, thereby uncovering the thermal activation energy for spin relaxation of ΔE/k B = 16.2(4) K.
Exchange Interactions. Inelastic neutron scattering (INS) experiments were performed on ∼2 g of {TbCu 3 } and on ∼1 g of {DyCu 3 } in the temperature range 1.4−30 K on the time-of- flight spectrometer FOCUS (Figures 10 and 11 ). These spectra show the scattering intensity integrated over Q (∼0.4 < Q < 2.6 Å −1 at ΔE = 0). The Q dependence of the intensity of the INS transitions is practically featureless, apart from a small decrease with increasing Q in comparison to the rising background, and could therefore not be used for further analysis. The reason for the diffuse, structureless Q dependence and the rising background is most probably incoherent scattering due to the many hydrogen atoms in the sample. {TbCu 3 } was measured with two initial neutron wavelengths, 4.3 and 5.5 Å. At 4.3 Å a clear peak labeled II is observed at ∼13 cm −1 at all three temperatures (1.4, 10, and 30 K; see Figure 10a ).
Additionally, a shoulder on the elastic line at ∼7 cm −1 (I) can be seen in Figure 10a . Both features decrease in intensity with increasing temperatures and thus correspond to transitions from the ground state to different excited states. Peak II is quite broad, and the high-resolution measurement at 5.5 Å reveals that it indeed consists of multiple components. Because of the expected larger crystal-field splitting of the Tb III ion, the splitting observed by these excitations has to originate from the exchange interactions between the Tb III ion and the Cu II ions. These interactions can be approximated to the interactions of the Tb III ground M J doublet, described as a pseudospin S′ = 1/2, and the three Cu II s i = 1/2 spins using the effective Hamiltonian:
i.e. eq 2 without the Zeeman terms. The three Tb III −Cu II exchange interactions are unrelated by symmetry, and a maximum of six parameters could be used in this axial spin Hamiltonian. Isotropic exchange interactions where ixy = iz are unreasonable in such an effective model, as the anisotropy of the lanthanide ions due to their crystal-field splitting is absorbed into the effective exchange parameters (also an isotropic model yields two transitions with an energy ratio of 4:1, incompatible with the data). Six parameters is clearly too many for the number of observed peaks, and in a first approximation the same parameters xy and z were used to describe all three interactions. The dotted line in Figure 10a depicts the calculated spectrum at 1.4 K for xy = 16.6(2) and z = 26.7(2) cm −1 . This simple model fails to capture the small splitting of peak II but Figure 6 . Magnetic ac susceptibility of {DyCu 3 } in H dc = 0 (a) and in H dc = 1.5 kG (b) . χ′ and χ″ are the in-phase (real) and out-of-phase (imaginary) contributions, respectively. otherwise yields a reasonable description of the experimental spectrum (and these parameters were therefore used for the magnetization fits; vide supra). A calculated spectrum where peak II is split into multiple components can be obtained by varying the parameters for the three different Tb III −Cu i II exchange interactions. Peak II only splits into two components, even for six completely different exchange interaction parameters, and peak I does not split at all. Therefore, we limited the number of parameters by assuming a constant ratio iz / ixy and a symmetric variation of the three exchange parameters: 1xy − 2xy = 3xy − 1xy . The best agreement with the measured spectra was achieved for 1xy = 16.6(2) cm , and iz / ixy = 1.61(3) (solid line in Figure 10a) . 24 Substituting the real quantum number M J = ±6 for S′ allows construction of the cluster wave functions, best described with the total magnetic quantum number M tot = ⟨J tot M tot |Ĵz ,tot |J tot M tot ⟩/ℏ. The ground state of {TbCu 3 } has M tot = ±15/2, and the INS excitations are to the ±13/2 states, in agreement with the INS selection rules (ΔM tot = 0, ±1), shown in Figure 10b . Due to the ferromagnetic exchange interactions, the cluster ground state ±15/2 arises from a parallel alignment of the Tb III moment and the Cu II spins, and the INS excitations are Cu II spin flips.
For {DyCu 3 } a thinner sample had to be used due to the large neutron absorption cross section of Dy, and it was thus not possible to measure at a wavelength of 5.5 Å, where the neutron flux is lower and the neutron absorption of the sample higher. The INS spectra of {DyCu 3 } recorded with a wavelength of 4.3 Å are depicted in Figure 11a . At 1.4 K clear peaks at ∼10 and ∼14 cm −1 are observed, which decrease in intensity with increasing temperature. These excitations are also expected to arise from the exchange interactions between the central Dy III ion and the three Cu II spins, as the crystal-field splitting of the Dy III ion is expected to be larger than the measured energy range. Calculating the spectra for the best fit of peak position to the calculated energies yields the dotted line in Figure 11a for xy = 13.1(1) and z = 27.7(1) cm
. However, in {DyCu 3 } as in {TbCu 3 ), peak II is broadened and may be best assumed to consist of multiple components. The same analysis as for {TbCu 3 } yields the parameters 1xy = 12.5(2) cm −1 , 2xy = 11.1(1) cm −1 , 3xy = 13.9(1) cm
, and iz / ixy = 2.20(5) for {DyCu 3 } and the solid line in Figure 11a . The low-energy spectrum as a function of the total magnetic quantum number M tot is visualized in Figure 11b . The ground state can be described as M tot = ±8 with excitations to states with ±7. As in {TbCu 3 }, the observed INS excitations in {DyCu 3 } correspond to Cu II spin flips. The energies of the fundamental excitations in the {TbCu 3 } and {DyCu 3 } SMMs are comparable to the energy barriers found in the ac susceptibility, as is shown in Figures 10b and 11b . Therefore, it is safe to assume that the thermal relaxation goes via these excited states, which, as noted above, correspond to Cu II spin flips.
In order to compare the values of the exchange interactions to the exchange interactions in e.g. {GdCu 3 }, conversion into and similar to the relation between g J and g z , the effective axial parameter z can be expressed as z = 2|M J | . For {TbCu 3 II spins and appear at energies similar to the thermodynamic barrier for relaxation of the magnetization, ∼15−20 K, which we determined using ac magnetic susceptibility measurements. The Cu II spin flips and hence the 3d−4f exchange interactions are thus at the origin of the SMM behavior in these exchange-coupled systems, where Cu II spins coupled to the highly anisotropic Ln III ion form an anisotropic cluster ground state with large M tot , which can relax from one orientation to the other via Cu II spin flips. This suggests that controlling and increasing the d−f exchange is essential in order to increase the blocking temperature of d−f SMMs and that, to be effective, this has to be done alongside careful control over the position of each magnetic center within the complex. 
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